Rationale: Cyclosporin A (CsA) is known to preserve cardiac contractile function during endotoxemia, but the mechanism is unclear. Increased nitric oxide (NO) production and altered mitochondrial function are implicated as mechanisms contributing to sepsisinduced cardiac dysfunction, and CsA has the capacity to reduce NO production and inhibit mitochondrial dysfunction relating to the mitochondrial permeability transition (MPT). Objectives: We hypothesized that CsA would protect against endotoxin-mediated cardiac contractile dysfunction by attenuating NO production and preserving mitochondrial function. Methods: Left ventricular function was measured continuously over 4 h in cats assigned as follows: control animals (n ϭ 7); LPS alone (3 mg/kg, n ϭ 8); and CsA (6 mg/kg, n ϭ 7), a calcineurin inhibitor that blocks the MPT, or tacrolimus (FK506, 0.1 mg/kg, n ϭ 7), a calcineurin inhibitor lacking MPT activity, followed in 30 min by LPS. Myocardial tissue was then analyzed for NO synthase-2 expression, tissue nitration, protein carbonylation, and mitochondrial morphology and function. Measurements and Main Results: LPS treatment resulted in impaired left ventricular contractility, altered mitochondrial morphology and function, and increased protein nitration. As hypothesized, CsA pretreatment normalized cardiac performance and mitochondrial respiration and reduced myocardial protein nitration. Unexpectedly, FK506 pretreatment had similar effects, normalizing both cardiac and mitochondrial parameters. However, CsA and FK506 pretreatments markedly increased protein carbonylation in the myocardium despite elevated manganese superoxide dismutase activity during endotoxemia. Conclusions: Our data indicate that calcineurin is a critical regulator of mitochondrial respiration, tissue nitration, protein carbonylation, and contractile function in the heart during acute endotoxemia.
of sepsis-related cardiac contractile inhibition are complex and incompletely understood.
During severe infection, bacterial components (e.g., endotoxins) initiate an intense primary immune response characterized by the release of potent proinflammatory cytokines. These early mediators of the sepsis syndrome promote inducible nitric oxide synthase-2 (NOS2) expression, resulting in accelerated nitric oxide (NO) production. In this context, selective NOS2 inhibition attenuates myocardial depression during exposure to endotoxin in rodents (4, 5) , whereas nonselective inhibition of NOS isoforms causes refractory shock and reduced cardiac output in a subset of patients with severe sepsis (6) . Considered together, there is reason to believe that NOS2 induction participates directly in the pathogenesis of cardiac dysfunction during sepsis.
Evidence indicates that mitochondria are important targets of injury during sepsis. Mitochondria are the major source of cellular energy, providing more than 90% of the ATP required for cell work. When mitochondria are rendered dysfunctional, as occurs in vital organs in the context of sepsis (7) (8) (9) , bioenergetic limitation of cell and organ function is expected. Yet, other complications, such as increased mitochondrial reactive oxygen species (ROS) production or the release of mitochondrial inducers of programmed cell death (i.e., apoptosis), may be more serious events. The degree to which mitochondrial damage contributes to heart failure during sepsis is currently unknown; however, investigations by Fauvel and coworkers indicate that cyclosporin A (CsA), a potent inhibitor of the mitochondrial permeability transition (MPT) (10) , normalizes heart function and apoptosis during conditions modeling sepsis (11) . In addition to blocking the MPT, CsA also inhibits calcineurin-dependent signaling pathways, thereby attenuating the expression of NOS2 (12) . The situation is further complicated by the capacity of NO to induce the MPT (13) and to inhibit mitochondrial electron transport (14) .
On the basis of these observations, we hypothesized that pharmacologic inhibition of calcineurin signaling pathways would prevent NO-induced mitochondrial damage and myocardial contractile dysfunction during acute endotoxemia. A normotensive feline endotoxemia model in which systemic alterations of mitochondrial morphology and function have been previously demonstrated (8, 15, 16) was employed. Relevant cardiac parameters, including contractility, mitochondrial morphology and function, and myocardial NOS2 expression, protein nitration, and carbonylation, were assessed in animals randomly treated with either LPS alone or after a 30-min pretreatment with CsA or tacrolimus (FK506), a calcineurin inhibitor lacking affinity for the MPT pore (17) , and in time-matched control animals. The comparison of pretreatment with CsA to an equipotent dose of FK506 isolated the effects of calcineurin inhibition from those associated with inhibiting the MPT pore. The results of these investigations provide novel insights into the pathogenesis of myocardial dysfunction in the context of sepsis. Some of the results of these studies have been previously reported in the form of abstracts (18, 19) .
METHODS

Animal Preparation
All experiments were approved by the Ohio State University (Columbus, OH) Institutional Laboratory Animal Care and Use Committee in accordance with National Institutes of Health (Bethesda, MD) guidelines and employed a feline model that has been described previously (8) . Details of the surgical preparation are described in the online supplement.
Reagents
LPS from Escherichia coli (serotype 0127:B8) was obtained from Sigma (St. Louis, MO), dissolved in buffered isotonic saline, and used at a concentration of 1.0 mg/ml. CsA (Sandimmune, 10 mg/ml; Novartis Pharma AG, Basel, Switzerland) and tacrolimus (FK506, Prograf, 5 mg/ml; Fujisawa Healthcare, Inc., Deerfield, IL) were dissolved in buffered isotonic saline and administered as described below.
Experimental Protocol
On completion of the surgical preparations, and after a 30-min stabilization period, baseline measurements, detailed elsewhere (8) and in the online supplement, were performed. The animals were then randomly assigned to receive either buffered isotonic saline vehicle (control; n ϭ 7) or intravenous LPS (3.0 mg/kg; n ϭ 8) alone or 30 min after prior treatment with CsA (6 mg/kg, intravenous; n ϭ 7) or FK506 (0.1 mg/kg, intravenous; n ϭ 7) and monitored experimentally over the subsequent 4 h. The doses of CsA and FK506 were chosen on the basis of the findings of previous experiments (16) and are explained in the online supplement.
Cardiac Parameter Measurements
Hemodynamic and ventilatory parameters were determined at baseline and maintained within normal limits throughout the experimental 4-h period. Left ventricular (LV) pressure was monitored with a 2F Millar Mikro-Tip catheter (model SPC-320; Millar Instruments, Houston, TX) placed via the left carotid artery before baseline measurements. The analog signal derived from the catheter was amplified, digitized, and processed with a CA Recorder Series II system (DISS, Pinckney, MI). Cardiac contractility was assessed using the first derivative of LV pressure generation (dP/dT, mm Hg/s) at its maximal point and at a submaximal point (25 mm Hg LV generated pressure). LV relaxation time (time in milliseconds required for the maximum negative dP/dT to recover 50% back toward 0 mm Hg/s) was also evaluated. Each measurement was determined from the mean value recorded over a 10-min steady state period and expressed as a percentage of a similar determination at baseline (because of animal-to-animal variability).
Computerized Analysis of Mitochondrial Ultrastructural Morphology
At 4 h post-treatment, LV tissue samples were obtained and processed for ultrastructural (i.e., electron microscopy) evaluation, as described elsewhere (8, 15) and in the online supplement. Electron photomicrographs were then converted to digital images with a high-resolution flatbed scanner and digitally analyzed, as described previously (20) (see the online supplement for additional details).
Cardiac Mitochondrial Respiration
Cardiac mitochondria were isolated by a standard procedure based on differential centrifugation, as detailed previously (8, 21) and in the online supplement. All steps were performed at 0 to 4ЊC and without delay, to minimize the potential for degradation during the isolation procedure. Mitochondrial protein concentration was determined spectrophotometrically by biuret assay and comparing with standards of known concentration. Respiration rates of cardiac mitochondria were determined immediately after isolation with a Clark O 2 electrode and an oxygen monitor, as described elsewhere (8) and in the online supplement.
Immunohistochemistry and Image Analysis
At 4 h post-treatment, LV tissue samples were obtained, formalin fixed and later paraffin embedded, sectioned, and processed for histologic analysis. Cross-sections of myocardial tissue (5 m) were then prepared for immunohistochemical evaluation according to standard procedures (22) , as described in the online supplement. Images were captured with a Polaroid DMC high-resolution digital camera (Polaroid, Cambridge, MA), mounted on an Olympus BX-40 microscope (Olympus America, Melville, NY), and analyzed with Image-Pro 5.0 software (MediaCybernetics, Silver Spring, MD). Immunoprevalence of NOS2 and 3-nitrotyrosine (3-NT) was evaluated by color threshold analysis as detailed elsewhere (22) and in the online supplement.
Quantification of Protein Carbonylation
Carbonyl groups formed by oxidation were quantified according to the method described by Levine and coworkers (23) , with slight modifications. Briefly, after solubilization of 1.0 mg of protein in a solution containing 1% Lubrol, 150 mM KCl, and 3 mM N-2-hydroxyethylpiperazine-NЈ-ethane sulfonic acid (pH 7.4), contaminating nucleic acids were removed by centrifugation after the addition of 20% streptomycin sulfate in 5 mM N-2-hydroxyethylpiperazine-NЈ-ethane sulfonic acid (pH 7.2). Proteins were precipitated with 20% trichloroacetic acid then incubated with 10 mM 2,4-dinitrophenylhydrazine in 2 M HCl and allowed to stand at room temperature for 1 h, with vortexing every 10-15 min. After reprecipitation and centrifugation with 20% trichloroacetic acid, the pellets were washed three times with ethyl acetateethanol (1:1, vol/vol) to remove any residual 2,4-dinitrophenylhydrazine. The protein pellet was then redissolved in 6 M guanidine (pH 2.3). Carbonyl content was calculated from the maximum absorbance at 366 nm, using a molar absorption coefficient of 22,000/M/cm.
Tissue Superoxide Dismutase Activity
Tissue superoxide dismutase (SOD) activity was determined spectrophotometrically with an SOD assay kit (Cayman Chemical Co., Ann Arbor, MI). The kit uses a tetrazolium salt for the detection of superoxide radicals generated by xanthine oxidase and hypoxanthine (24) . Briefly, cardiac tissue samples were homogenized as described above and subjected to low-speed centrifugation, conducted at 1,500 ϫ g for 5 min at 4ЊC. The resultant supernatants were applied to the SOD assay kit according to the manufacturer's instructions. The addition of 1 to 3 mM potassium cyanide, which inhibits CuZnSOD, allowed for the detection of MnSOD activity. Absorbance was read at 450 nm, and reaction rates were calculated on the basis of the linearized SOD standard rate.
Tissue Manganese Superoxide Dismutase and 3-Nitrotyrosine Expression
The presence of MnSOD, actin, and 3-NT in LV homogenates was determined by Western blot analysis, using standard techniques as described previously (16) and in the online supplement. The primary antibodies employed were a rabbit anti-rat polyclonal anti-MnSOD (diluted 1:2000; Abcam, Inc., Cambridge, MA), a mouse anti-chicken monoclonal anti-actin (0.5 g/ml; Chemicon International, Inc., Temecula, CA), and a rabbit anti-mouse polyclonal anti-nitrotyrosine (diluted 1:1000; Upstate Cell Signaling Solutions, Lake Placid, NY). Horseradish peroxidase-linked anti-rabbit or anti-mouse secondary antibodies (diluted 1:10,000; Amersham Pharmacia, Little Chalfont, UK) were used for MnSOD and 3-NT, or actin, respectively.
Direct Effect of FK506 on NOS2 Activity
NOS2-catalyzed conversion of l-[ ]citrulline was performed in the presence of FK506 in a dose-response fashion as described previously (25) and in the online supplement.
Myeloperoxidase Staining and Quantification
At 4 h post-treatment, LV tissue samples were obtained, formalin fixed and later paraffin embedded, sectioned, and processed for histologic analysis.
Cross-sections of myocardial tissue (4 m) were then prepared for immunohistochemical evaluation according to standard procedures (22) , described in the online supplement. Positively stained cells were visualized and counted per high-power field (magnification, ϫ100) at multiple randomly selected fields for each tissue analyzed.
Data Analysis and Statistics
All data are expressed as means Ϯ SEM. SigmaPlot 7.0 and SigmaStat 5.0 software (SPSS, Chicago, IL) were used to fit the data and carry out the statistical analyses. Comparisons of physiologic parameters were made using one-way analyses of variance (treatment) with repeated measures (time or replicates). Additional simultaneous comparisons of LV myocardial function, mitochondrial morphologic and functional assessments, NOS2 and 3-NT immunoprevalence, protein carbonylation, tissue SOD activity, and tissue MnSOD and 3-NT expression were performed by one-way analyses of variance. Post hoc analyses between group means were performed by Fisher's test for least significant difference or the Newman-Keuls test, where applicable. Spearman's nonparametric correlation analysis was employed to test for significant associations between parameters. Statistical significance was based on a value of p р 0.05.
RESULTS
Cardiac Function
As illustrated in Figure E1 of the online supplement, physiologic parameters were maintained within normal limits throughout the experimental time course. To normalize for individual animal variation, assessments of LV myocardial function at 4 h posttreatment were expressed as percentages of similar measurements made at baseline for all groups (Figure 1 ). At 4 h post-LPS, significant reductions in the maximum dP/dT and dP/dT measured at 25 mm Hg LV pressure were observed. Pretreatment with CsA and FK506 protected against these LPS-induced impairments in cardiac contractility ( Figures 1A and 1B) . LV relaxation time, defined as the time for the maximum negative dP/dT to recover 50% toward dP/dT ϭ 0 (RT 50 ), increased dramatically after LPS treatment. This prolonged RT 50 was likewise attenuated with CsA and FK506 pretreatments ( Figure 1C) . Thus, pretreatment with either CsA or FK506 protected against both systolic and diastolic myocardial dysfunction in LPS-treated animals.
Mitochondrial Ultrastructure and Respiratory Function
Electron microscopic evaluation of LV myocardial samples derived from LPS-treated animals demonstrated significant changes in mitochondrial morphology within 4 h, including highamplitude swelling, as evidenced by increases in mitochondrial area and perimeter (Figure 2 ). Mitochondrial shape, as reflected by roundness and aspect ratio determinations, did not change significantly after LPS administration; however, the optical density of heart mitochondria was altered in LPS-treated animals, suggesting a decrease in the protein-to-fluid ratio within the mitochondria consistent with swelling ( Figure 2 ). CsA and FK506 pretreatments demonstrated differential protective effects in this setting. CsA-pretreated animals exhibited mitochondrial area and perimeter determinations similar to those of control animals, and conferred protection against changes in the optical density parameters typically observed after LPS. By contrast, although morphologically similar in appearance to those of control animals, objective assessment of mitochondria from FK506-pretreated animals demonstrated little or no protection from LPS-induced alterations (Figure 2) .
Correspondingly, mitochondrial respiratory function was significantly altered 4 h post-LPS, as indicated by a decreased respiratory control ratio ( Figure 3B ) resulting primarily from a notable increase in state 4 (ADP-independent) respiration ( Figure  3A ). This effect was observed for both respiratory substrates used. In addition, uncoupling of mitochondrial respiration, as reflected by a lower P:O ratio, was demonstrated in the LPStreated group (1.79 Ϯ 0.04 vs. 1.37 Ϯ 0.07, p Ͻ 0.05; control vs. LPS, using succinate as the respiratory substrate). Pretreatment with CsA and FK506 normalized mitochondrial respiratory function after LPS administration ( Figure 3 ) with P:O ratios unchanged relative to control animals (1.77 Ϯ 0.02 and 1.75 Ϯ 0.09 for the CsA and FK506-pretreated groups, respectively).
Significant and strong correlations exist between the assessment of mitochondrial respiratory efficiency (i.e., respiratory control ratio) and determinations of myocardial function (i.e., contractility and relaxation rates; Figure 4 ).
Immunohistochemistry
As expected, on the basis of previous investigations (26) , immunohistochemical analyses of cardiac tissue derived from LPStreated animals demonstrated significantly increased protein nitration, as reflected by 3-NT immunostaining ( Figure 5B ). Pretreatment with the calcineurin inhibitors CsA and FK506 attenuated myocardial nitration, which was apparently unrelated to the expression of NOS2 immunoprevalence ( Figure 5A ) or, in the case of FK506, a lack of any direct inhibition of NOS2 activity ( Figure 6 ). In contrast to myocardial nitration, calcineurin inhibition was shown to significantly increase tissue protein carbonylation (Figure 7 ), presumably because of increased oxidant production, rather than inhibition of critical antioxidant enzymes such as superoxide dismutase ( Figure 8A ). Compared with LPS treatment alone, MnSOD activity was increased in both groups receiving calcineurin inhibitor pretreatment (i.e., CsA or FK506), apparently because of the combined effects of increased relative expression and reduced nitration of tissue MnSOD ( Figure 8B ) (27) . By contrast, nitration of other mitochondrial proteins, including mitochondrial complex I, cytochrome c, and actin, was not influenced by LPS in the presence or absence of calcineurin inhibitors (data not shown) compared with control animals. Myocardial inflammation, as reflected by neutrophil infiltration, was unaffected by LPS treatment or calcineurin inhibition (see Figure  E2 ). As such, this variable is unlikely to account for the changes in nitration or carbonylation observed after calcineurin inhibitor pretreatment compared with receiving LPS alone.
DISCUSSION
The major findings of these investigations were interesting in that calcineurin was demonstrated to be a primary regulator of myocardial contractile function, mitochondrial respiration, and carbonyl protein formation during acute endotoxemia. In concordance with our hypothesis, CsA effectively inhibited the expression of NOS2 and prevented tissue nitration; however, questions relating to the primary source of NO and the roles of NO-independent mechanisms in the pathogenesis of organ failure remain unanswered. The observed dissociation of NOS2 expression with myocardial contractile function and with increased cardiac tissue nitration in the FK506 pretreatment group ( Figure 5 ) was unexpected and may be explained by several possible scenarios, but direct inhibition of NOS2 by calcineurin inhibitors (i.e., FK506) is not supported by our data (Figure 6 ). Alternatively, calcineurin inhibitors are known to influence the activity of calcium-dependent NOS isoforms (e.g., endothelial NOS) by post-translational modifications (28) and by reducing their expression (29) . Furthermore, calcineurin can influence cardiac contractility independent of NOS (30) . The observation that calcineurin inhibition effectively normalizes mitochondrial respiratory function and prevents cardiac contractile dysfunction at the expense of increased myocardial protein carbonylation has important implications for the pathogenesis of organ damage in the context of sepsis.
The mechanisms by which NO regulates myocardial contractility are complex, and a comprehensive discussion is beyond the scope of this article. As noted in a review of this topic by Massion and coworkers, NO normally regulates cardiac function at many levels, including autonomic signaling and excitationcontraction coupling, and by matching mitochondrial energy production to myocardial demands (31) . Under pathologic conditions, such as during endotoxemia, the heart generates abnormally high levels of NO and other oxidants, including superoxide, which favors the formation of peroxynitrite (26) . Peroxynitrite, in turn, inhibits mitochondrial electron transport at complex I (32, 33) and interrupts the function of myocardial contractile units by altering calcium transients (34) and directly modifying actin (35) . Although it was not feasible to comprehensively monitor the diverse actions of NO in the heart, we observed enhanced protein nitration in the heart of endotoxemic animals, which was attenuated by pretreatment with calcineurin inhibitors ( Figure 5 ). With the exception of MnSOD, relevant targets of nitration in the cytoplasmic and mitochondrial compartments (i.e., actin, complex I, and cytochrome c ) demonstrated no significant change in relative nitration, indicating that peroxynitritemediated protein modifications occur selectively in the setting of endotoxemia. Alternative targets include enzymes regulating mitochondrial lipid metabolism (36) or proteins localized to the myocardial endothelium (37) . Moreover, it is possible that NO directly inhibits cardiac contractile function (38) , and that isoforms of NOS other than NOS2 contribute significantly to NO formation in this model. The specific role of mitochondria in the pathogenesis of sepsisinduced heart failure remains controversial. In 1994, Solomon and colleagues (39) demonstrated no change in basal high-energy phosphate (i.e., ATP) stores in the hearts of septic dogs, despite obvious mitochondrial swelling and impaired contractile function. The authors concluded that impaired mitochondrial ATP formation does not contribute to myocardial contractile dysfunction during sepsis. However, it is interesting to note that the septic animals were severely limited in terms of their capacity to increase myocardial energy metabolism in response to cate- Figure 6 . Relationship of NOS2 activity to increasing concentrations of FK506 (NOS2 activity presented as a percentage of measurements made in the absence of FK506; values represent means Ϯ SEM). FK506 did not demonstrate any direct inhibitory effect on NOS2 activity over a concentration range relevant to the present study. Some inhibition did occur at the higher pharmacologic dose of 10 g/ml (*p Ͻ 0.01 vs. control). By comparison, NOS2 activity was nearly completely blocked by L-NAME, a known inhibitor of NOS ( † p Ͻ 0.01 vs. all doses).
cholamines (39) , suggesting that the heart was operating at or near maximum capacity during sepsis and implying a loss of cardiac reserve. The results of the current investigations support the notion that putative mediators of the sepsis syndrome simultaneously inhibit mitochondrial function and cardiac contractility and that calcineurin is instrumental in this process. Moreover, impaired myocardial function in the LPS treatment group, as reflected by decreased cardiac contractility and inhibition of mitochondrial function, was associated with an overall reduction in protein carbonylation, relative to matching animals pretreated with calcineurin inhibitors (Figure 7) . In this regard, protein carbonylation is a common by-product of oxidative stress due to a wide spectrum of ROS, and compared with protein nitration, carbonyl proteins are more prevalent (40) and are not readily reversible (41) , which makes them the preferred indicators of oxidative stress (40) . The lower level of protein carbonylation in the LPS-treated animals relative to those pretreated with calcineurin inhibitors was not explained by enhanced SOD activity ( Figure 8A ). Instead, it is likely that the combined effects of reduced cardiac work (i.e., decreased cardiac contractility) and increased NO formation resulted in the observed decrease in protein carbonyl formation in favor of protein nitration in the LPS treatment group compared with the groups pretreated with calcineurin inhibitors. The contribution of the mitochondrion to the pathogenesis of sepsis-induced oxidant stress is a topic of particular interest.
Mitochondrial respiration is a major source of oxidant production during muscle contraction (42) , and mitochondrial ROS production is accelerated during endotoxemia (43) . This could explain why mitochondrial proteins are susceptible to oxidative modification during endotoxemia (44) . Enhanced mitochondrial ROS formation may result from an imbalance between SOD and catalase (45) or a diversion of electrons away from the electron transport chain at complex II (43) . With respect to the latter, it is expected that uncoupling of mitochondria, such as occurs during endotoxemia, will reduce the electrochemical gradient across the inner mitochondrial membrane, thereby reducing mitochondrial ROS production (46) . Thus, partial uncoupling of mitochondrial respiration is another factor that may contribute to lower levels of protein carbonyl formation in the LPS group compared with those pretreated with calcineurin inhibitors.
Support for the concept that mitochondrial dysfunction contributes directly to impaired cardiac contractility under conditions modeling sepsis is provided by the present investigation. A strong correlation between altered mitochondrial respiratory function and impaired cardiac contractile function is demonstrated in Figure 4 . However, the mechanisms by which calcineurin regulates mitochondrial function during endotoxemia are unclear. CsA pretreatment was observed to inhibit mitochondrial swelling in the heart ( Figure 2 ) and in other vital organs during endotoxemia, suggesting that sepsis-induced mitochondrial swelling is a manifestation of the MPT (16, 47) . Fauvel and colleagues reported that CsA effectively preserves myocardial contractility in endotoxemic rats, leading them to speculate that inhibition of the MPT was the primary mechanism of protection (11) . The MPT pore spans the inner mitochondrial membrane and is normally found in its "closed" orientation, during which the pore is impermeable to most molecules and proteins. In its open configuration, the pore is permeable to small proteins (Ͻ 1.5 kD) and ions, leading to mitochondrial swelling and dissolution of the electrochemical gradient required for ATP production, which is designated the MPT. Under these conditions, the mitochondria release factors promoting programmed cell death and lysosomal mitochondrial clearance (48) , which may contribute to mitochondrial depletion in the heart (49) . The observation that pretreatment with FK506 preserved cardiac function but had no significant impact on mitochondrial swelling implies that acute mitochondrial swelling in the heart, presumably caused by transient opening of the MPT pore, given that it is blocked by CsA, is not the primary cause of cardiac dysfunction in the early phases of endotoxemia in our model. However, at higher doses of endotoxin, such as those employed in studies by Fauvel and coworkers, induction of the MPT appears to override the protective effects of calcineurin inhibition, and mitochondrial cell death pathways are activated (11) . The mechanism by which calcineurin regulates both mitochondrial function and cardiac contractility is not obvious from these investigations, but changes in calcium flux in mitochondria (50) and at the level of the sarcoplasmic reticulum (30) may be responsible and are supported by these investigations. With respect to the latter, investigations by Santana and coworkers indicate that calcineurin inhibition augments excitation-contraction coupling in the heart by increasing the conductivity of calcium channels located in the sarcoplasmic reticulum (30) .
Another potential explanation for the cardioprotection conferred by calcineurin inhibitors in these experiments could relate to the immunomodulatory effects of the calcineurin inhibitors. CsA and FK506 are immunosuppressive compounds, believed to exert their action through binding to small intracellular regulatory proteins, the cyclophilins or FK-binding proteins, also known as immunophilins (51) . When complexed with CsA and FK506, the immunophilins lead to the inhibition of calcineurin (52) and subsequent inhibition of T-cell activation (53) . In terms of in vitro T-cell inhibition, CsA is 50 to 100 times less potent than FK506 (54) , and at the doses used for these experiments no significant reduction in the innate immune response (as reflected by circulating tumor necrosis factor-␣ levels) was detected (16) , and myocardial tissue inflammation was minimal (see Figure E2 ) and not significantly different in any of the treatment groups. Thus, it is unlikely that calcineurin inhibitors significantly reduced the production of extracellular ROS (e.g., by leukocytes), thereby reducing myocardial protein nitration in this model. Further investigation is needed to determine the actual source of myocardial ROS production, especially NO and superoxide anion, in the acute phase of sepsis.
Conclusions
These investigations only partially support our hypothesis that the calcineurin inhibitors CsA and FK506 preserve myocardial function by inhibiting NO production and preventing mitochondrial damage in the heart during acute endotoxemia. Myocardial tissue nitration was attenuated in the calcineurin pretreatment groups; however, the source of NO, the targets of nitration, and the consequences of enhanced NO production in terms of myocardial contractility remain to be determined. Furthermore, inhibition of superoxide production does not explain the reduced protein nitration after calcineurin inhibitor pretreatment. In fact, calcineurin inhibition in conjunction with LPS treatment was shown to increase protein carbonyl formation despite increased SOD activity. At the dose of LPS used for these investigations, opening of the MPT pore, perhaps only transiently (55), appears to contribute to mitochondrial swelling in the heart, but mitochondrial swelling was insufficient to explain impaired cardiac performance. Although the mechanism remains to be determined, it is apparent that calcineurin is a critical regulator of cardiac metabolism, contractility, and ROS formation during the acute phase of endotoxemia. It remains to be determined whether calcineurin-mediated depression of cardiac contractility and mitochondrial function, and associated changes in ROS formation, are adaptive or maladaptive in the context of sepsis.
